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ABSTRACT The molecular weight distributions of ethylene/tetrafluoroethylene copolymers (PETFE) were 
estimated by dynamic mechanical analysis of their melta. The validity of the method had been established 
on model polystyrenes. The high temperaturea required for solubility prevented analysis by classical techniques. 
Our resulta indicated much broader distributions than determined by Chu and co-workers'+ on dilute PETFE 
solutions wing a unique high-temperature laser light scattering procedure. Dynamic mechanical analysis 
was performed on one of the samples after dissolution, filtering, and drying to reveal no significant change 
versw the origidly analyzed melt. This indicated that the conditions required to treat the solutions during 
the light scattering tests were not appreciably altering the polymer nor filtering out an insoluble portion. A 
broader distribution would be predicted by the rheological technique if long-chain branching were present. 
Strong evidence for the presence of such branching wan observed when plotting the zero shear viscosity (from 
the rheological analysis) versus the weight-average molecular weight (from light scattering). The well-known 
3.4 power law would have been obtained if these were linear chains. Instead, we observed a much stronger 
effect of molecular weight on viecosity which has been attributed to the effecte of long-chain branching. The 
theory of portions of the PETFE chain acting as ita own chain-transfer agent is a potential explanation for 
branch formation. 

Introduction 

Alternating ethylene/tetrafluoroethylene copolymers 
(PETFE) with nearly equal molar ratios of the comonomers 
are high melting polymers which form stable solutions 
only at temperatures above 200 OC. Therefore, classical 
techniques of molecular characterization (like size-exclu- 
sion chromatography) have generally not been used 
because they require dilute solutions at  temperatures less 
than about 150 OC. Despite the difficult solution condi- 
tions, Chu et al.l-' have used a unique high-temperature 
light scattering device for characterizing these polymers 
via dynamic and static techniques. Among other things, 
they have made determinations of the weight-average 
molecular weight (Bw) and the molecular weight distri- 
bution (MWD). 

An alternative technique for determining MWD haa 
been developed using the storage modulus as a function 
of frequency, G'(w), in the terminal relaxation zone for 
the polymer melt.' In brief, G'(o) is a mirror of the 
cumulative MWD. Quantitative determinations are ob- 
tained by (1) transformation of the frequency axis to MW 
according to eq 1 and (2) transformation of the modulus 
axis to weight fraction through eq 2. In the above 
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equations, w is the measurement frequency in a dynamic 
rheological experiment, Wi is the weight fraction of the 
component whose MW corresponds to a specific frequency, 
ai, through eq 1, and GNO is the plateau modulus. The 
method is calibrated by scaling a relative distribution to 
&w using the well-known empirical relationships 

'lo = K(AfW)'.' (3) 
where K is a proportionality constant. This latter step is 
done by measuring the zero shear viscosity, qo, for the 
sample in question and determining BW by an absolute 
method to obtain the constant K. This analysis aeeumee 
that we are analyzing a linear polymer in the melt state 
whose components have a MW greater than the critical 
value for entanglement. Derivation, validation, and 
utilization of the technique has been presented in detail 
e l ~ e w h e r e . ~ * ~  

Thie technique has been applied to other fluoropolymers, 
such ae poly(tetrafluoroethylene)6 and its copolymer with 
hexafluoroethylene)6 and ita copolymer with hexafluoro- 
pr~pylene.~ Initial results have also been reported for 
PETFE where it was shown that distributions predicted 
by the rheological technique were broader than those 
predicted by dynamic light scattering.* It is the purpose 
of this report to offer an explanation for the discrepancy 
between the MWD predictions of the light scattering and 
rheological techniques. 

Experimental Section 
1. Polymerr. Samples designated PETFE-1 through 

PETFE3 are commercial samples of Tefzel manufactured by 
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Table I 
Summary of MWD Analysis for PETFE 

LLS data rheological data 
sample Mwx1o-a MWIMU M W X l o d  MWIMU 

OPETFE-3 

I 
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PETFE-1 5.4 1.4 5.3 2.9 
PETFE2 9.0 1.4 9.1 2.6 
PETFJZ-3 12 1.4 12 2.1 
PETFE-4 32 2.0 110 11 
PETFE-lF (filtered) 4.9 2.1 

0 PETFE-1 
PETFE-1 (fillered) 

0 PETFE-2 
0 PETFE-3 8 

I .  8 '  A PETFE-4 

8 -  1 

1 0 1  100 I O '  102 103 
102 n 

102 
Frequency (RadlSec) 

Figure 1. Storage modulus of PETFE samples as a function of 
frequency at 280 O C .  

the Du Pont Co. The samples were polymerized with free radicals, 
and a chain-transfer agent was used to control the MW. They 
were characterized by laser light scattering (LLS) to determine 
their nw and MWDa as deacribed elsewhere.'a The sample 
designated PETFE-4 was a specially prepared high-MW version 
of the same polymer whose molecular characterization was 
described previously, as weltg PETFE4 was polymerizedwithout 
achain-tnmefe~agentandthusrep~nts~highestMWversion 
of this sample which oould be prepared in this manner. A 
summary of the LLS data for all samples is presented in Table 
I. Further details about thew materials were ale0 presented by 
Tuminello,B where PETFE-4 was referred to as UHMW-ETFE. 

The sample designated PETFElF refers to a sample that was 
diseolved and filtered in a larger-scale version of the apparatus 
described by Chu et al.' About 1 g of this material was prepared 
and scrupulously dried prior to rheological analysis. It was 
prepared to simulate the material that was left in solution during 
the light scattaring analyses. 

2. Rheo€ogical Measurements. Dynamic measurements on 
all  samples were made on a Rheometrice System IV rheometer 
at 280 O C  using the parallel-plate geometry at 0.01-500 rad/s. 
Creep measurements were made at the same temperature for 
PETFE-4 on a Rheometrics conetantstrea rheometer at the 
lowest possible shear ratee, aleo using the parallel-plate geometry. 
Prior to measurement, the samples were compression molded 
into 2.54-cm-diameter disks of 0.1- thicknese at 280 O C  and 
about 2 MPa of pressure. The disks were loaded into the 
preheated rheometer, rapidly heated to 320 "C, and then rapidly 
cooled to280 OC. This heating/cooiingcycle wan uaed tominimize 
the likelihood of any cryntahity being present during mea- 
surements. The widest temperature window experimentally 
available to us was about 270-320 OC. The storage modulus/ 
frequency behavior wae not very temperature sensitive over this 
range, making it unnecmary to carry out measurements at more 
than one temperature. In our experimental temperature window, 
the lower limit wan the onset of recryetallization and the higher 
limit the onset of degradation. All measurements were made in 
a nitrogen atmosphere. 

Results 
1. Modulus and Viscosity Data. Plots of the storage 

modulus as a function of frequency, G W ,  in the terminal 
zone for all samples are shown in Figure 1. At least 
duplicate runs were made for all samples except PETFE- 
1F (filtered). In the latter case, only enough sample was 
available for one set of measurements. In all cases, the 
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Figure 2. Dynamic Viecoeity versus frequency for the commercial 
PETFE samples at 280 "C. 
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Figure 3. Dynamic viscosity versus frequency and steady-state 
viscosity versus shear rate for PETFE4 at 280 O C .  

samples which relax most rapidly [Le., G'(o) decreases 
most rapidly] have the highest concentration of chain- 
transfer agent and thus the lowest MW, as is expectsd.8 

The plateau modulus, GN', drawn in Figure 1 as 3.14 
X 106 Pa was taken as the highest value measured for 
G'(w). The classical method of determining GN' is 
integrating the G"b) curve in the terminal zone when a 
discernible peak is availablea6 However, there is no 
discernible peak in the G"(w) plots for any of thew samples, 
making thie technique inapplicable. Choosing the highest 
value of G'(w), as we did, at least gave us a lower limit to 
GN', since inspection of Figure 1 makes it obvious that 
G N O  cannot be lower than this value. 

The complex dynamic viscoeity, q*(w), is plotted versus 
frequency for the commercial samples in Figure 2. It is 
again obvious that the samples made with the highest 
concentration of chain-transfer agent have the lowest 
values of the zero shear viscosity (TO), where q~ is the 
limiting viscosity at low deformation rate. Figure 3 is a 
plot of the viscoeity versus rate curve for PETFE4. In 
this case, the higher rate data are q*(w) measured 
dynamically and the lower rate data are the steady state 
viscosity as a function of shear rate from a creep exper- 
iment. Creep (constant stress) meaaurementa had to be 
made because the frequencies available at our measure- 
ment temperatures were not low enough to determine q ~ .  

Values for TO are listed in Table 11. They were 
determined by fitting eq 4 to the viscosity data in Figures 
2 and 3. In eq 4, rl is the rate-dependent viscosity and r 

qo 

[l + Dral tl' (4) 

is the rate; D and 6 are adjustable parameters. The rate, 
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Table I1 
Zero Shear Vireoritier 

sample r ~ ,  x 10-4 (Pa*) sample r)o X 1W (Pas) 

Ethylene/Tetrafluorothylene Copolymers 501 

Table 111 
Panmeten for FORTRAN Curve Fit# of Equation 6 

sample Ai BiIBz ClIC2 
PETFE-1 0.567 PETFE-4 15500 
PETFEP 3.59 PETFElF 0.439 
PETFE3 9.76 

34 
5.6 5.8 6.0 6 . 1  6.4 6 . 6  

Log iiiw 
Figure 4. Zero shear viscosity versus weight-average MW for 
PETFE at 280 "C. 

r, is either the oscillation frequency (0) for the dynamic 
experiment or the shear rate, 7,  in a creep experiment. 
Obviously, 7 would then either v* or the steady-state 
viscoeity, when r is w or 7, respectively. 

2. MWD Determinations. MWDs were determined 
from G'(w) according to the strict guidelines outlined for 
the tetrafluoroethy lene/ hexafluoropropylene copolymers! 
We have described how we determined both GN' and 70 
in the preceding section Modulus and Viscosity Data. 
These values are essential in solving eqs 1-3 for the MWD 
determinations. It is also necessary to determine the 
constant K in eq 3, in order to scale results to absolute 
values of the MW. According to eq 3, a double-logarithmic 
plot of r ~ ,  from Table I1 versus fiw from the LLS data in 
Table I will have a slope of 3.4 with a y-intercept of log 
K. Such a plot is shown in Figure 4, and it is certainly not 
linear. An explanation for the nonlinearity is given in the 
Discussion section. The points representing the three 
lowest MW samples do fall on a straight line with an 
approximate slope of 3.4. The intercept of this line is 
-15.7, which is the value of log K. 

A crucial part of the analysis is fitting the following 
equation to the modified version of the storage modulus, 
[G'(~)/GN']~.~,  suggested by eq 2. 

Equation 5 is thus an analytical representation of the data 
from which a continuous MWD can be deduced. In this 
equation, Ai, Bi, and Ci are the adjustable parameters; n 
is an integer which allows multiple terms to fit data 
representing complex distributions; X = log a. The 
function represented by eq 5 is the identical shape of the 
cumulative MWD function; it is S-shaped with a minimum 
value of 0 at  low o and a maximum of 1 at high u. The 
parameter Ai controls the height, or maximum value of 
each tem. Additionally, CAi 1 with 0 < Ai < 1. Bi 
controls the curve width, and Ci locates the curve on the 
X axis. The optimum value for the integer n was 2 for all 
samples except PETFE-1 and -1F, where it was 1. Table 

~~ 

PETFEl 1.OOO 0.579/----- -2.2371.--- 
PETFE2 0.452 0.65510.953 -0.5791-2.448 

0.653 0.5741 1.379 -0.699/-2.!293 PETFE3 
PETFE4 0.666 0.42410.982 1.8091-1.492 

5 1 . 0  

0 w 0 . 6  
0 a n u 0 . 4  
K 
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LOG FREQ (radls) 
Figure 5. "formed modulus-frequency plots, [C'(U)/GN0las. 
The model fib using eq 6 are represented by the solid l i n ~  drawn 
through the data points. The adjuetable parameters uaed in 
these fits (Ai, Bi, Ci) are listed in Table III. 
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Figure 6. Differential MWD plots for PETFE. 

I11 gives the parameters we chose from this curve-fitting 
operation. Plots of [ G ' ( ~ ) / G N ' I ~ ~ ~  with fitted curves from 
eq 5 are shown in Figure 5. The criteria for choosing the 
optimum number of terms in eq 5 (i.e., the value of n) were 
outlined in a previous publication.' If n = 1, only 
symmetrical distributions can be represented on semilog 
plots. Both visual and statistical criteria were ueed for 
deciding whether more than one term of eq 5 is necessary 
in the fitting process. 

The remaining steps to determining the MWD were 
identical to those described previousIy.7 The differential 
MWDs are shown in Figure 6. The MWD averages and 
polydispersity ratios, MwIMN, are listed next to the LLS 
data in Table I. 

Discussion 

The MWD results from the light scattering and rheo- 
logical experiments can be compared in Table I. There 
are two obvious discrepancies. First, the light scattering 
always gives narrower distributions. Second, using the 
constant K determined from the three lowest MW samples, 
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Table IV 
Effect of Plateau M o d d l u  on the Polydirmnity Ratio for 

PETFE-2 
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5.77 4.4 1.00 1.9 
3.14 2.6 0.50 1.7 
2.35 2.4 

- Unfiltered 
0 8  
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Log Mw 
Figure 7. Comparison of differential MWD plots for filtered 
and unfiltered PETFE1. 

theaw detarmined for PETFE4 from rheology was much 
larger than that determined from light scattering. 

We have thought of three possible reasons for the 
discrepancies. (1) The value we choae for GN' is too high. 
(2) A high MW or gel fraction was filtered out of the sample 
during preparations for the LLS experiment. (3) There 
is long-chain branching present in the polymer. The 
remainder of th is  paper will investigate the validity of 
each of these explanations. 

1. Plateau Modulus. We determined the effect of 
varying the value of G N O  on the polydispersity ratio for 
sample PETFE-2. The results are shown in Table IV. As 
was mentioned in a previous section, the value we chow 
for G N O  (3.14 X 105 Pa) was considered to be the lower 
limit for PETFE. Therefore, any value lower than 3.14 
x 10 Pa is unlikely. According to Table IV, it requires 
a ridiculously low value (<5 X lolr Pa) to obtain the 
polydispersities predicted from LLS. Also, changing the 
value of the plateau modulus would not affect the differing 
vdues obtained for the &fw of PETFE4. Therefore, we 
discount the plateau modulus as being the cause of the 
discrepancies between the LLS and rheological results. 

2. Filtered Component. One obvious explanation for 
the discrepancies is that an insoluble polymer fraction 
(VeryhighMWorcrOee-linked) wasfdteredfromthedilute 
solution prior to light scattering measurements. If this 
were true, LLS results would indicate a lower MW and 
narrower distribution than a tachnique, such as melt 
rheology, which analyzad the entire sample. To teat this 
hypothesis, we prepared a sample of the filtered material, 
PETFElF, as described in the Experimental Section, for 
melt rheological analyais. Table I shows that the poly- 
dispersity ratio for the filtered sample is not sienificantly 
different from that of the d d t e r e d  sample, PETFE1. 
Also, comparing the differential distribution plots in Figure 
7 reveals no significant differences. Therefore, filtering 
of insoluble high MW or gel components can be ruled out 
as the caw of the discrepancies between U S  and 
rheological resulta. 

3. Long-chain Branching. Long-chain branching 
could be considered the caw of the discrepancies by 
default, but there are more compelling reasons for the 

choice. Carella et al.8 have shown that nearly monodisperse 
'star" polymers, with equal length arms, have much 
broader relaxation time distributions than their linear 
counterparts. This meam that G'(o) decreases much more 
gradually from G N O  for the branched polymers than for 
linear ones with identical MWDs. Another way of saying 
this is that the presence of long-chain branching has the 
same effect on G'(o) as broadening the MWD. Since G'(w) 
is a minor of the MWD," using the MWD determination 
described in this paper would make a branched polymer 
appear much more polydisperse than it is. The light 
scattering, being maes sensitive, would not be affected by 
the presence of branching. The polydispersity discrep- 
ancies are thus adequately explained by the presence of 
long-chain branching. 

Current knowledge prevents us from further modifying 
the MWD determination for a branched polymer. Qua- 
tions l and 3 most certainly would have to be modified. 
It is also possible that eq 2 would need modification. 
Equations 1 and 3 deal with the power laws relating 
measurement frequency and zero shear viscosity, respec- 
tively, to MW. It has been showns that vo and probably 
w as well are functions of both the number of branches 
and the length of these branches. Since neither of these 
things are known about PETFE currently, it would be a 
fanciful exercise to modify the MWD results. 

The unusual shape of the viscosity-MW plot in Figure 
4 is also consistent with the presence of branching. In a 
summery of several publications of his and his co-workers' 
efforta, GraeeSley'O has shown that long-chain-branched 
polymers show similar behavior. At lower MWs the 3.4 
power law (eq 3) seems to be obeyed. At higher MWs, 
however, the viscosity increases in a much stronger manner 
with Mw. 

A potential mechanism for forming the branches could 
involve portions of the polymer molecule acting as its own 
chain-transfer agent. PETFE has unusual chemical 
inertness for a polymer with 60 mol 9% ethylene. It is felt 
that the predominautly alternating nature of the copo- 
lymerization is the cause of this, with adjacent CF2 groups 
'shieldi& the smaller CH2 groups. The structure is not 
perfectlyaltemating,however. Significaatnumbem(lO%) 
of tetrafluoroethylene diade have been found using 'gF 
NMR.11 Calculations b a d  on reactivity ratioe predict 
that about 6 1 0 %  ethylene will exist as diade. These 
ethylene diade wi l l  have the middle two methylene groups 
essentially unshielded from chemical attuck. The hydro- 
geneontheseunshieldedmethyleneemayth~beerpected 
to be subject to abstraction by a free radical during 
polymerization. The branches could be produced when 
the radical end on one growing chain abstracta a hydrogen 
from one of the unshielded methylene groups on a second 
polymer chain. This would leave an active radical in the 
middle of the second chain. Further polymerization from 
this site would yield a side chain which could grow to the 
same length as the average unbranched molecule. 

One could ale0 argue that the light scattering results for 
Ic lwI lcr~  appear too narrow for a chain-tranefer taminatad 
free-radical polymerization; theory12 predicts BwIBN 
should be no greater than 2. Broader distributions would 
result with chain t r a d e r  to the polymer chain, which we 
ham propod for PETFE Therefore, the light eCattering 
reeultsof&/& - 1 . 6 a p p e a r n o t t o b e c o ~  However, 
t h e t h e o r y u e e d i n t h e e e p r e d i c t i o n s ~ ~ m h ~ ~ ~ u e  
polymerization, and the polymers analymd in tbia study 
were synthesized in a heterogeneoue environment. The 
authors therefore feel uncomfortable impuning the light 
scattering results based on such theory. 
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Conclusions 

We have shown that rheology predicts broader MWDs 
for PETFE than LLS. We also showed that the viscosity- 
MW plot has an unusual shape. Neither the uncertainty 
in the plateau modulus value nor filtered insolubles could 
explain these observations. Long-chain branching was 
shown to be a plausible explanation, Ethylene diads could 
conceivably act as chain transfer sites to promote this 
branching. 

Acknowledgment. The authors gratefully acknowl- 
edge the assistance of Dr. Lester J. Hughes for the creep 
measurements, Dr. Benjamin Chu for helpful discussions, 
and William J. McGrory for making the dynamic mea- 
surements. We also thank Dr. Richard Beckerbauer for 
helpful discussions concerning polymerization mecha- 
nisms. 

Ethylene/Tetrafluoroethylene Copolymers 503 

References and Notee 
Chu, B.; Wu, C. Macromolecules 1987,20,93. 
Wu, C.; Buck, W.; Chu, B. Macromolecules 1987,20,98. 
Chu, B.; Wu, C.; Buck, W. Macromolecules 1989,22,371. 
Tuminello, W. H. Polym. Eng. Sci. 1986, N, 1330. 
Ferry, J. D. Viscoelastic Properties of Polymers, 3rd ed.; Wiley 
New York, 1980. 
"hello, W. H.; Treat, T. A.; English, A. D. Macromoleculer 
1988,21,2606. 
Tuminello, W. H. Polym. Eng. Sci. 1989,29,645. 
Tumiello, W. H. Relating Rheology to Molecular Weight 
Properties of Polymers. In Encyclopedia of Fluid Mechanics; 
Cheremieinoff, N. P., Ed.; Gulf: Houston, TX, ISSO; VoL 9. 
Carella, J. M.; Gotro, J. T.; Graeesley, W. W .  Macromolecules 
1986, 19, 869. 
G r d e y ,  W. W. Viecoelaeticity and Flow in Polymer Melts 
and Concentrated Solutions. In Physical Properties of Poly- 
mere;Mark, J. E.,Eieenberg,A., Graessley, W. W., Mandebrn, 
L., Koenig, J. L., Ede.; American Chemical Society: Wmhhgton, 
DC, 1984. 
English, A. D.; Garza, 0. T. Macromolecules 1979,12,351. 
Billmeyer, F. W. Textbook of Polymer Science, 3rd ed.; 
Wiley-Interscience: New York, 1984; pp 68-71. 


